The American patient population suffers each year from approximately 11 million urinary tract infections (UTIs), which are associated with an estimated $1.6 billion in clinical and indirect economic costs (13, 15) . This substantial morbidity is exacerbated by the high frequency of recurrent infections despite appropriate antimicrobial therapy. Many recurrences are caused by organisms that are genotypically identical to the initial infecting strain, suggesting that in addition to reinoculation from a gastrointestinal source, recurrence might arise after incomplete eradication of the organism from the bladder (8) . Uropathogenic Escherichia coli (UPEC) are the primary etiology of UTIs, causing up to 90% of community-acquired infections (45, 46) . Persistence of UPEC within the urinary tracts of experimentally infected mice has been associated with their ability to invade superficial epithelial (umbrella) cells of the bladder (34, 36) , establishing a niche for host colonization beyond the luminal surface to the intracellular compartment and sheltering the pathogen from host defenses. Acute cystitis is characterized by the development of intracellular bacterial communities (IBCs) in both mice and humans (3, 47) . The IBCs represent clonal expansion of invaded bacteria proceeding through a complex maturation cycle (24) that facilitates the subsequent development of quiescent reservoirs or nests of UPEC within Lamp1-positive intracellular vesicles (40) . These long-term resident bacteria are sequestered from antibiotic therapy and remain apparently undetected by host immune mechanisms (37) .
While type 1 pili and flagella are critical and contributing factors, respectively (16, 18, 53) , for the early events of binding and invasion, additional factors that promote the intracellular phenotypes of UPEC are largely unidentified. We recently demonstrated that the periplasmic chaperone SurA is required for both invasion and intracellular maturation of UPEC (27) . This chaperone, conserved across numerous gram-negative bacteria, facilitates transit of nascent polypeptides destined for insertion into the outer membrane (OM) as ␤-barrel porins (11, 31) . SurA deletion abrogates production of the type 1 pilus usher FimD, thus precluding expression of type 1 pili and epithelial colonization. However, SurA-dependent proteins also contribute to postinvasion phenotypes of UPEC (19, 25) . More recently, deletion of the hfq gene (encoding an RNA chaperone) was shown to impair the ability of UPEC to form IBCs, perhaps through downstream effects on membrane integrity (30) . Further, it is logical to surmise that the extracellular domains of OM proteins might mediate pathogenesis by participating in interactions with the host and potentially with other bacteria in a community. Therefore, we sought to specify SurA-dependent OM proteins that contribute to the postinvasion phenotypes of UPEC during cystitis, namely, IBC maturation and intraepithelial persistence.
In the present study, we explored the pathogenic role of outer membrane protein A (OmpA), a SurA-dependent, major protein component of the E. coli OM that assumes a ␤-barrel conformation with eight transmembrane segments and four extracellular loops (4) . Multiple cellular functions have been proposed for OmpA, including maintaining cell structural integrity, serving as a phage and colicin receptor, and mediating F-factor-dependent conjugation (29) . Although its role as a porin is debated (5, 7) , some data suggest that OmpA may form nonspecific channels for diffusion of solutes. With regard to bacterial virulence, OmpA is necessary for successful infec-tion by E. coli K-1, the leading gram-negative cause of neonatal septicemia and meningitis (51) . E. coli K-1 ompA mutants are significantly less serum resistant (42, 52) and show decreased capacity to invade cultured human brain microvascular endothelial cells, which model the blood-brain barrier (41, 43) . Other authors have speculated that OmpA represents a pathogen-associated molecular pattern that interacts with antigenpresenting cells (20) (21) (22) . In UPEC the pathogenic function of OmpA has yet to be elucidated, although it was one of several OM proteins whose expression was augmented during in vitro growth of UPEC in urine (1) . We demonstrate here that OmpA provides a pathogenic advantage to UPEC during establishment of its intracellular niche and promotes persistence of UPEC within the bladder following acute cystitis.
MATERIALS AND METHODS
Bacterial strains and media. E. coli strains were cultured overnight at 37°C in Luria-Bertani (LB) broth (Difco/Becton Dickinson, Franklin Lakes, NJ) under static conditions to promote surface expression of type 1 pili. Where indicated, chloramphenicol was added at 20 g/ml or ampicillin was added at 100 g/ml. UPEC strain UTI89 was isolated from a patient with active cystitis. UTI89 ompA::cat was created by linear transformation of UTI89/pKM208 (38) with a fragment amplified from template plasmid pKD3 (12) using the primers 5Ј-ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGTGTAGG CTGGAGCTGCTTC-3Ј (forward) and 5Ј-TTAAGCCTGCGGCTGAGTTA CAACGTCTTTGATGCCCATATGA ATATCCTCCTTAG-3Ј (reverse; Integrated DNA Technologies, Coralville, IA). The deletion was verified by direct sequencing, and the absence of OmpA expression by UTI89 ompA::cat was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the total membranes. Of note, ompA is independently transcribed in UTI89 (9) and other sequenced strains of E. coli, so polar effects were excluded. For complementation experiments, a low-copy-number plasmid (pKW5) encoding ompA under its native promoter was constructed. The ompA gene and upstream region were amplified by high-fidelity PCR using primers 5Ј-CGTGTCTAGAT TTCCTTGCGGAGGCTTGTCTGAAGCGGTTTC-3Ј (forward) and 5Ј-ACCC AAGCTTAACTTAAGCCTGCGGCTGAGTTACAACGTC-3Ј (reverse). This fragment was digested with HindIII and XbaI and then ligated into pACYC184 (Cm r Tet r ) that had been similarly digested, leaving expression of the marker under the upstream influence of ompA's native promoter. Transformed clones of E. coli Top10 (Invitrogen, Carlsbad, CA) were selected on tetracycline plates and tested by colony PCR, the construct was confirmed by direct sequencing, and expression was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the total membranes. Prior to mouse inoculations, the complemented ⌬ompA/pKW5 strain was grown in only 5 g of tetracycline/ml to keep the plasmid copy number low, since ompA overexpression at high levels was detrimental to growth in vitro. UTI89 ⌬fimH, which lacks the gene encoding the type 1 pilus tip adhesin, was kindly provided by K. Wright (53) . To facilitate visualization by confocal microscopy, UTI89 and derivatives were transformed with pcomGFP (10) .
Electron microscopy and hemagglutination assays. For immunogold electron microscopy, washed bacteria were adsorbed to Formvar/carbon-coated grids, incubated sequentially with primary rabbit antiserum raised against the adhesin domain of the type 1 pilus adhesin FimH (denoted FimH A ) and goldconjugated antirabbit immunoglobulin G, and washed twice with distilled water before staining with 1% aqueous uranyl acetate. Samples were viewed on a JEOL 1200EX transmission electron microscope (JEOL USA, Peabody, MA). To assess in vitro function of type 1 pili, hemagglutination of guinea pig erythrocytes (Colorado Serum Co., Denver, CO) was assayed as described previously (32) .
Ex vivo gentamicin protection assay and murine cystitis. A well-described model of murine cystitis was used (36) . All animal procedures were approved by the Animal Studies Committee at Washington University. Briefly, overnight static LB broth cultures were harvested by centrifugation, washed, resuspended, and diluted to the final inoculum in phosphate-buffered saline (PBS), guided by an optical density at 600 nm. Eight-week-old female C3H/HeN mice (Harlan, Indianapolis, IN) were transurethrally infected with a 50-l inoculum of ϳ10 7 bacteria. For ex vivo gentamicin protection (invasion) assays, bladders were harvested at the indicated times postinfection, splayed aseptically, and then washed with PBS to recover the luminal bacteria. Bladders processed for titers were rocked gently in PBS containing gentamicin (100 g/ml) for 1 h at 37°C to kill the remaining extracellular bacteria, homogenized in PBS, and plated to LB agar to recover intracellular bacteria. For time course infections, bladders were homogenized at the indicated times postinfection in sterile PBS with 0.1% Triton X-100, serially diluted, and plated onto LB agar to enumerate the CFU. For competitive infections, equal amounts of UTI89 and UTI89 ompA::cat were mixed immediately prior to inoculation to a final density of ϳ10 7 bacteria in a 50-l inoculum, and harvested bladder homogenates were plated on LB agar with or without chloramphenicol. For complementation experiments, homogenates were plated to LB agar with or without tetracycline to ensure reporting of data from mice in which the complementing plasmid had been retained. Experiments were repeated at least three times, and aggregate CFU data from these independent experiments were reported.
LacZ staining and fluorescent confocal microscopy. For lacZ staining, groups of three to four mice were infected with indicated strains; bladders were stretched, fixed for 30 min in 10% neutral buffered formalin, washed with lacZ wash buffer (PBS with 0.01 M MgCl 2 , 0.01% sodium deoxycholate, and 0.02% Igepal CA-640), incubated in lacZ stain (lacZ wash buffer with 1 mg of X-Gal [5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside]/ml, 5 mM potassium ferrocyanide, and 5 mM potassium ferricyanide) for 16 h, washed three times in PBS, and photographed by stereomicroscopy in whole mount for enumeration of the spots representing IBCs (27) . Bladders were then embedded in paraffin and, as needed, sections were deparaffinized and stained with hematoxylin and eosin for light microscopy. For confocal microscopy, freshly harvested bladders from experimental groups of three to four mice were stretched under PBS, fixed with 3% paraformaldehyde in PBS for 1 h, and stained briefly with SYTO 61 red fluorescent nucleic acid stain (Molecular Probes, Carlsbad, CA) to visualize any bacteria that had lost the green fluorescent protein-containing plasmid. Bladders were then washed with PBS, mounted on glass slides with ProLong Gold antifade reagent (Molecular Probes), and viewed by using an LSM510 Meta laser scanning confocal microscope (Carl Zeiss, Inc., Thornwood, NY). Aggregate data from three independent experiments were reported.
RNA isolation and real-time PCR. Bladders infected with UTI89 as described above were harvested at the indicated time points, homogenized, and stored at Ϫ80°C in RNA Protect reagent (Qiagen, Valencia, CA) according to the manufacturer's instructions. For the calibrator control sample, a portion of the unused inoculum (10 9 CFU/ml in sterile PBS) was similarly treated and stored at Ϫ80°C. For analysis, stored bladder homogenates were thawed and centrifuged (16,000 ϫ g for 5 min); supernatants were discarded, and the pellets (from five animals per group) were pooled and resuspended in lysis buffer (RLT; Qiagen). Samples were further homogenized with a FastPrep FP120 reciprocal shaking device and a commercially available extraction reagent, lysing matrix B (MP Biomedicals, Solon, OH). For analysis of ompA transcript levels in luminal and intracellular compartments, a gentamicin protection approach was used as described above. An aliquot of the luminal wash plus an aliquot of bladder homogenate after gentamicin treatment were stored at Ϫ80°C in RNA Protect reagent until subsequent RNA extraction and analysis.
Total RNA was extracted by silica column purification using an RNeasy minikit (Qiagen) according to the manufacturer's instructions. Contaminating chromosomal DNA was removed by on-column DNase (Qiagen) and, when necessary, a second DNase treatment (Invitrogen). The absence of DNA was confirmed by PCR, and the quality and quantity of RNA were determined by spectrophotometry and agarose gel electrophoresis. First-strand cDNA was synthesized by using Superscript II reverse transcriptase (Invitrogen) and random primers. Real-time PCR was performed in an ABI 7500 Fast thermal cycler using Power SYBR green PCR master mix (both from Applied Biosystems, Foster City, CA) and primers designed to amplify E. coli ompA (forward, 5Ј-GGGTG TTTCCTACCGTTTCG-3Ј; reverse 5Ј-TGGAGCCGGAGCAACTACTG-3Ј) and the rRNA gene rrsA (forward, 5Ј-CCAGGGCTACACACGTGCTA-3Ј; reverse 5Ј-TCTCGCGAGGTCGCTTCT-3Ј), chosen as the endogenous control gene because of invariable expression in a variety of conditions and the efficiency of the PCR with the reagents and conditions used in these studies (J. Loughman, unpublished data). Fold changes in message abundance (of triplicate assays) were determined by using the ⌬⌬C T method (33) by normalizing cycle threshold (C T ) values to each gene's C T value obtained from baseline expression in the starting inoculum.
Statistical analysis. Statistical analysis of numerical data was performed by using the Mann-Whitney U test (two-tailed) or Wilcoxon test within Prism software (GraphPad, La Jolla, CA). A P value of 0.05 was used as the threshold of significance.
RESULTS
OmpA of UPEC is not required for type 1 pilus-dependent binding and invasion of bladder epithelium. Expression of functional type 1 pili confers upon UPEC the ability to bind mannosylated uroplakin proteins on the luminal surface, permitting invasion of the mammalian bladder epithelium (34, 49) . Although SurA is necessary for these type 1 pilus-dependent functions, our objective was to identify SurA-dependent proteins that contribute (independent of type 1 pili) to the postinvasion biology of cystitis. Therefore, we first determined whether deletion of ompA in the cystitis-derived UPEC strain UTI89 affects the presentation or function of type 1 pili. Growth of UTI89 in LB broth and resistance to novobiocin (a measure of membrane integrity [26] ) were unchanged by ompA deletion (data not shown). Immunogold electron microscopic images of wild-type and OmpA-deficient UTI89 displayed normal and equivalent numbers of pili, which labeled with antiFimH A antibody (Fig. 1A and B) . The ompA mutant agglutinated guinea pig erythrocytes as effectively as wild-type UTI89 (Fig. 1C) , and agglutination by both strains was inhibited by addition of 2% ␣-D-mannopyranoside (data not shown). To assess type 1 pilus function in mammalian infection, we performed an ex vivo gentamicin protection assay in female C3H/ HeN mice. We recovered comparable levels of both luminal and intracellular bacteria from bladders 1 h after infection with ompA mutant or wild-type UTI89 (Fig. 1D) . Taken together, these data indicate that lack of OmpA in UPEC does not affect type 1 pilus assembly, presentation, or function and that epithelial binding and invasion are unaffected by UPEC ompA deletion in the murine model of cystitis.
OmpA promotes acute and persistent UTI. UPEC attributes that specifically contribute to intracellular pathogenesis, subsequent to initial epithelial colonization, have yet to be demonstrated. To determine whether OmpA has a role in uropathogenesis, bladder bacterial loads of the ompA mutant relative to wild-type UTI89 were evaluated along a time course of murine cystitis. Female C3H/HeN mice were transurethrally inoculated with ϳ10 7 CFU of wild-type or OmpA-deficient UTI89, and bladders were harvested at multiple time points (from 6 h to 2 weeks) for tissue CFU determination. Time points were chosen to reflect distinct stages of IBC development and chronic persistence (2, 24, 40) . Up to 24 h postinfection, CFU recovered from bladders infected with wild-type UTI89 or its ompA mutant were similar (Fig. 2) . In contrast, there was a trend toward lower CFU in ompA::cat straininfected bladders at 48 h (an interval associated with late fluxing bacteria and second-round IBC development) and a statistically significant decrease in CFU in ompA::cat straininfected bladders at 1 and 2 weeks (P Ͻ 0.001). At this final time point, concomitant with reservoir formation, many of the ompA::cat strain-infected bladders were found to be sterile (Fig. 2) . Compared to wild-type infection, CFU recovered from the kidneys after 1 week were also sharply attenuated by ompA deletion (data not shown). Mice infected with the complemented ⌬ompA/pKW5 strain demonstrated restoration of wild-type levels of recoverable tetracycline-resistant bladder CFU at these time points (Fig. 2) . During competitive infection with both the mutant and wild-type strains, late-stage bladder CFU defects were amplified, with ompA mutant CFU Fig. 2 to those in Fig. 3 ). CFU defects at the observed time points suggest that OmpA is important for completion of the IBC pathway and for subsequent persistence within the bladder.
OmpA is necessary for IBC maturation during acute UTI. Development of IBCs is vital for UPEC's early survival in the face of the bladder's mucosal and innate immune defenses and is required for establishment of chronic infection (3, 24, 26) . To examine the morphological correlates of the observed CFU defects of the ompA mutant, we assessed global IBC presentation via LacZ staining of whole-mount bladders, which exploits the fact that UTI89 (like all E. coli strains) expresses ␤-galactosidase. At 6 h after infection of C3H/HeN mice, bladders infected with UTI89 displayed a mean of 30 IBCs per half-bladder, versus only 8 IBCs per half-bladder after infection with the ompA mutant (P ϭ 0.007; Fig. 4A ). Complementation of the mutant with pKW5 restored IBC numbers to 32 per half-bladder (Fig. 4A) . Bladder sections taken from mice 6 h after infection with UTI89 or the ompA mutant strain were also viewed by light microscopy. At this early stage, the size and appearance of the few visualized ompA mutant IBCs suggested a modest defect in development compared to wild-type IBCs (Fig. 4B and C) .
To assess the potential of the UPEC ompA mutant to complete IBC maturation and proceed to later stages of the pathogenic cascade of murine cystitis, we examined by fluorescent confocal microscopy the bladders of C3H/HeN mice infected with UTI89 or ompA::cat carrying gfp. Consistent with previous results (24) , wild-type UTI89 formed normal early IBCs by 6 h (data not shown), and mature IBCs and many filamentous forms by 16 h (Fig. 5A and B) . In animals infected with OmpAdeficient bacteria, we located no IBCs at 6 h by this technique (data not shown). At 16 h rare, small intracellular collections of ⌬ompA mutant were visualized, but these poorly formed OmpA-deficient IBCs contained fewer bacteria and appeared smaller in dimension than wild-type IBCs (Fig. 5C) . Similarly, few examples of stunted filamentous forms were seen after ompA::cat strain infection (Fig. 5D) . These defects were restored by complementation with pKW5 ( Fig. 5E and F) . Although bladders infected with wild-type UTI89 also demonstrated IBCs at 24 h postinfection, mice infected with the mutant lacked persisting IBCs at this time point, also restored by complementation with pKW5 (data not shown). These findings indicate that OmpA is necessary for UPEC to form mature IBCs, expand within their intracellular niche, and develop filaments that initiate subsequent rounds of invasion and IBC formation (24, 27) .
Expression of ompA is temporally regulated during murine cystitis. Loss of OmpA leads to pathogenic defects that are evident at discrete stages of pathogenesis, namely, morphological IBC abnormalities in the acute phase and subsequent defects in persistence. We tested the hypothesis that ompA expression would be regulated in correlation with the various stages of pathogenesis by measuring transcript levels in vivo with reverse transcription-PCR (RT-PCR). After standard infection of C3H/HeN mice with wild-type UTI89, bladders were harvested at time points from 6 h to 2 weeks, and the abundance of ompA transcript was determined and normalized to expression of the endogenous control gene rrsA. The data were expressed as the fold change in transcript abundance compared to that in the initial infecting inoculum. Expression of ompA was upregulated (20-to 35-fold) at 16 to 24 h, returning nearer to baseline at subsequent time points (Fig. 6A) . To determine whether ompA expression was elevated specifically by bacteria within the extracellular and/or intracellular compartments of the bladder, RT-PCR was performed on luminal washes and gentamicin-treated bladder homogenates from mice 16 and 48 h after infection with UTI89. Analysis at 16 h demonstrated upregulation of ompA in both fractions (Fig.  6B) , with higher expression in the luminal compartment. At 48 h, expression levels remained elevated over the baseline but more comparable between extracellular and intracellular compartments. These data suggest that ompA is upregulated by intracellular bacteria, supporting IBC formation and maturation, but also in extracellular bacteria, which are predominantly exposed to host innate immune pressures.
DISCUSSION
The present study demonstrates the SurA-dependent OmpA as a critical player in the pathogenesis of UPEC, necessary for progression of cystitis beyond the early stage of IBC formation and essential for the intraepithelial persistence that is thought to underlie recurrence of UTI (35, 39, 40) . The loss of OmpA in UPEC had no discernible effect on the assembly or function of surface-expressed type 1 pili, as demonstrated by electron microscopy and in vitro hemagglutination. Further, there was no effect of ompA lack on bladder epithelial binding and invasion in vivo, indicating that OmpA also does not augment or facilitate these type 1 pilus-mediated functions. In contrast, OmpA of E. coli K-1 was found to confer binding of cultured human brain microvascular endothelial cells, a model of the blood-brain barrier (44) . In these same studies, however, OmpA did not facilitate binding of E. coli K-1 to other endothelial cell types, suggesting specific receptor expression by human brain microvascular endothelial cells (41, 44) . We conclude that the UPEC ompA mutant was able to accomplish key early steps in the pathogenesis of cystitis, namely, luminal colonization, epithelial invasion, and initial intracellular replication.
The relative equivalence of observed bladder bacterial loads at early time points after wild-type and ompA mutant infections suggests only a modest effect on luminal and early intracellular replication. However, bacterial loads of the ompA mutant fell sharply at later time points, a difference even more evident during competitive coinfections. Our microscopic investigations demonstrated that the UPEC ompA mutant could indeed form initial intracellular collections but was incompetent for progression past the early stage of IBC maturation; these data indicate that successful epithelial invasion is insufficient to ensure completion of the IBC pathway. An additional finding that supports the importance of OmpA during IBC maturation was that ompA expression was upregulated by intracellular bacteria at this stage. Interestingly, ompA was not differentially regulated (compared to growth in LB broth) in bacteria from sequential urine samples of CBA/J mice inoculated repeatedly with another UPEC strain, CFT073 (isolated from a patient with pyelonephritis) (17) . However, in our study, the infecting strain (a cystitis isolate) and method of infection were distinct, and our data specifically measured intracellular as well as extracellular bacterial expression of ompA.
The observed failure of the ompA mutant to complete the FIG. 5. Confocal microscopic examination of IBC maturation and filamentation. Consistent with previous results, mature IBCs were readily identified 16 h after wild-type UPEC infection (A), whereas a rare, stunted intracellular collection was found at this time point after infection with the ompA mutant (C). Similarly, robust filamentous bacterial populations were evident 16 h after wild-type infection (B), in contrast to the sparse filamentous forms seen after infection with the ompA mutant (D). In mice infected with the complemented ⌬ompA/ pKW5 strain, the formation of mature IBCs (E) and filaments (F) was restored. Scale bars, 10 m. IBC maturation cycle could be interpreted in several ways. First, cells containing early ompA mutant IBCs might be more easily or rapidly exfoliated by the host, leading to a lack of visible IBCs at later time points. However, we did not observe increased exfoliation in ompA mutant-infected mice. Also, such a stochastic explanation is unlikely because decreased numbers of ⌬ompA IBCs are evident microscopically before exfoliation occurs in these mice, and continued defects in intracellular replication and filamentation are observed at later time points. We also speculate that OmpA might be necessary for coalescence of the IBC through interbacterial interactions or might act as a porin for traversal of nutrients (7) or other solutes to support optimal growth in the intracellular compartment, but the specific role(s) of OmpA in this venue have yet to be determined. Later stages of the IBC pathway are tailored to subvert host immune responses: intracellular bacteria are provided a sanctuary from neutrophils (24) , and filamentous bacteria transiting the extracellular space between rounds of IBC formation are resistant to polymorphonuclear leukocyte phagocytosis and killing (26) . Establishment of chronic residence within the bladder requires bacteria to survive these extracellular periods of exposure to host immune effectors. On this basis, we speculate that OmpA deficiency may hamper the organism's resistance to the action of neutrophils or other components of innate and/or adaptive immunity. For example, several studies have demonstrated the in vitro capacity of UPEC strains to downregulate the secretion of proinflammatory cytokines by cultured epithelial cells (6, 19, 28) . In vitro epithelial cytokine suppression requires SurA (19) , implying that one or more integral OM proteins are involved; indeed, OmpA of E. coli K-1 inhibits proinflammatory cytokine production from isolated monocytes (48) . Alternatively, OmpA of UPEC might protect the organism from antimicrobial peptides secreted by polymorphonuclear leukocytes, as demonstrated in vitro for OmpA of E. coli K-1 (14) . Such a need for OmpA during these extracellular phases of cystitis is also evidenced by upregulation of ompA in luminal bacteria, which are exposed as innate responses are being mustered. Our ongoing studies aim to further specify the mechanism(s) of OmpA interactions with the host. Whatever the mechanism, the effect of ompA deletion is specific, rather than reflecting more generally the lack of a major OM protein, as ompC deletion does not recapitulate the ⌬ompA phenotypes (S. Chen, unpublished data).
OmpA has not previously been demonstrated to contribute to urovirulence, although it was identified as an antigen expressed during cystitis (17) and during bacterial growth in urine (1) . Strong immunoreactivity against an array of OM proteins, including OmpA, was shown when OM extracts from the pyelonephritis strain CFT073 were separated by twodimensional gel electrophoresis and probed with sera from mice chronically infected with the strain (17) . The ability of OmpA to stimulate mammalian adaptive responses also makes it an attractive vaccine candidate (21, 23, 50) . Our results support this potential exploitation of OmpA; priming the adaptive immune system with the capacity to respond to this important determinant of later-stage pathogenic phenotypes might offer benefit in preventing the establishment of chronic bacterial reservoirs, thereby precluding subsequent recurrences of UTI.
